Dietary folate supplementation can dramatically reduce the severity and incidence of several common birth defects and adult diseases that are associated with anomalies in homocysteine and folate metabolism. The common polymorphisms that adversely affect these metabolic pathways do not fully account for the particular birth defects and adult diseases that occur in at-risk individuals. To test involvement of folate, homocysteine, and other pathways in disease pathogenesis and treatment response, we analyzed global and pathway-specific changes in gene expression and levels of selected metabolites after depletion and repletion of dietary folate in two genetically distinct inbred strains of mice. Compared with the C57BL/6J strain, A/J showed greater homeostatic response to folate perturbation by retaining a higher serum folate level and minimizing global gene expression changes. Remarkably, folate perturbation led to systematic strain-specific differences only in the expression profile of the cholesterol biosynthesis pathway and to changes in levels of serum and liver total cholesterol. By genetically increasing serum and liver total cholesterol levels in APOE-deficient mice, we modestly but significantly improved folate retention during folate depletion, suggesting that homeostasis among the homocysteine, folate and cholesterol metabolic pathways contributes to the beneficial effects of dietary folate supplementation.
GENETIC VARIANTS IN THE HOMOCYSTEINE and folate metabolic pathways, which are involved in methionine synthesis, methylation of DNA, RNA, proteins and lipids, synthesis of purines and pyrimidines, and degradation of histidine (26) , are associated with increased risk for neural tube defects (56) , congenital heart defects (57), cardiovascular disease (27) , stroke (20) , colon cancer (55) , and Alzheimer's disease (4) . High levels of homocysteine and insufficient levels of folate are often found in affected individuals and in mothers of babies with neural tube or congenital heart defects (21, 45) . Remarkably, dietary folate supplementation often normalizes homocysteine levels and reduces the severity and incidence of these conditions (11, 34, 39, 58) . However, the mechanism for folate rescue for these birth defects and adult diseases is unknown.
Single gene mouse mutants can be used in experimental studies where specific dietary factors and metabolites can be precisely perturbed on defined genetic backgrounds. These studies show that targeted deficiency for several genes involved in homocysteine and folate metabolism genes are sufficient to cause neural tube defects (36) and endothelial dysfunction (9, 13, 28) . Moreover, adverse phenotypes in mice with genetic variants involving functions such as Wnt signaling (low density lipoprotein receptor-related protein 6) (6, 7), hypoxia (CBP/P300 transactivator) (3) , and others (ALX homeobox1, paired box gene 3) (16, 65) can be rescued with dietary folate supplementation, suggesting that these dietary factors can compensate for anomalies in other signaling and metabolic pathways. Moreover, mutants in genes such as Pax3 and other mutants in Wnt and hedgehog signaling show altered homocysteine and folate metabolism (14) , suggesting that anomalies in the homocysteine and folate pathways alone do not fully account for these human diseases. Instead complex and dynamic interactions between distinct pathways determine the pathogenic outcome and response to dietary supplementations.
To test for pathways that interact with the homocysteine and folate metabolism, we performed a global gene expression survey of two inbred strains of mice under dietary folate depletion and repletion. We found that these strains differed significantly in response to dietary folate perturbations with A/J showing greater resilience in their homeostatic response. Depletion and repletion with dietary folate specifically affected cholesterol metabolism, and modulating cholesterol levels enhanced homeostatic responses to folate perturbation, suggesting that cholesterol metabolism contribute to the beneficial effects of dietary folate supplementation.
MATERIALS AND METHODS
Mice and diets. Six-week-old female A/J, C57BL/6J, and B6.129P2-Apoe tm1Unc /J (35) were purchased from the Jackson Laboratory. All mice were raised on a control diet containing 4 ppm folic acid (Basal Diet 5755, TestDiet) for 1 wk before the start of studies. Selected mice were then placed on folic acid deficient diet (58C3, TestDiet) containing 1% succinylsulfathiazole, a nonabsorbable antibiotic commonly used to suppress folate production by bacteria in the intestine. All diets contained no more than a trace amount (Ͻ50 ppm) of dietary cholesterol and were irradiated by the manufacturer. Treatment plans for studies 1 and 2 ( Fig. 1 ) included eight replicate mice per treatment per strain. A new batch of diet was manufactured for study 2. The folate level in this diet was significantly lower than the previous control diet due to greater loss of folic acid with irradiation of the diet. C57BL/6J mice on choline treatment (study 2) were given water containing 25 mM of choline and 50 mM of saccharin. Saccha-rin was used to reduce the bitter taste of choline. Folate-depleted C57BL/6J mice (study 2) were placed on water containing 50 mM saccharin to monitor the effect of choline on water consumption.
From each mouse, blood samples were obtained from the retroorbital sinus and centrifuged. Serum samples were stored at Ϫ80°C. Mice were then killed, and tissues were collected, frozen in dry ice, and immediately stored at Ϫ80°C. All mice shared the same animal room with controlled temperature, humidity, and 12 h light-dark cycle. Mice were provided food and water ad libitum. The use of mice in these studies was approved by the Case Western Reserve University Institutional Animal Care and Use Committee.
Expression profiling. For study 1, an equal amount (by weight) of liver tissue from eight replicate mice per treatment plan was pooled as a single sample. For study 2, an equal amount (by weight) of liver tissue from eight replicate mice was separated into two pools of four replicate tissues each. Total RNA from each pool was extracted with TRIzol (Invitrogen, Carlsbad, CA), treated with DNase (Ambion, Austin, TX), and cleaned with RNeasy (Qiagen, Valencia, CA). For study 1 15 g of pooled total RNA and 15 g of Universal Mouse Reference RNA (Stratagene, La Jolla, CA) were aminoallyl-labeled with Cy3 and Cy5 in duplicate, with reversing of dyes; and for study 2 15 g of pooled RNA from treated mice and 15 g of pooled RNA from control mice for each time point were aminoallyl-labeled with Cy3 and Cy5 in duplicate with reversing of dyes. Cy3-and Cy5-labeled samples were cohybridized to mouse cDNA array representing Ͼ25,000 unique genes and expressed sequence tags (ESTs) from NIA mouse 15K set (50) and BMAP mouse cDNA clone set as described (19) . Array images were scanned using the GenePix 4000A scanner (Axon Instruments, Union City, CA) and array spot intensities were acquired using TIGR Spotfinder as outlined (62) and normalized using global Lowess regression using MIDAS (44) set at a smoothing parameter of 0.3 and filtered for inconsistent flip-dye pairs at a two-standard deviation cutoff.
Hierarchical clustering. All microarray data were log2 transformed and filtered to minimize the number of gene expression patterns resulting from noise. Only genes in which the standard deviation across time points was greater than the average standard deviation of replicates were kept. Data were mean centered and scaled (normalized) both across genes and experiments. We performed average linkage hierarchical clustering using Euclidean distance and estimated statistical robustness of each branch with bootstrap resampling of genes (1,000ϫ) using TIGR Multiexperiment Viewer (MeV) (44) .
Significant gene expression changes. To test for significant gene expression changes between two strains across time points (study 1, Fig. 1 ), we fitted the data using a fixed model ANOVA method previously described (25) using the MAANOVA R package v. 0.98-3. After fitting the effects of array and dye on gene expression variance, we found our null model consisted of variance due to independent effects of strain and folate treatment without interactions between the two effects. Our alternative hypothesis contained the interaction term. The calculated F statistics were compared with the tabulated F distribution on a per-gene basis and adjusted for multiple testing using Bonferroni correction. For the study involving ApoE knockout and choline treatments (study 2, Fig. 1 ), we performed ANOVA analysis for each time point with treatment as the only variable of interest. To identify gene expression changes specific to each treatment in study 2, we performed postanalysis t-test using tabulated t-statistics with Bonferroni correction for multiple testing and false discovery rate estimation (48) .
Pathway analysis. Each of the microarray clones referenced with a GenBank accession number was converted to Mouse Genome Informatics (MGI) accession number using the TIGR Resourcerer database v.12.0 (52). MGI accession numbers were then used to link each cDNA clone to Gene Ontology (GO) functional annotation (July 2005 monthly repository) (2) . We tested for overrepresentation of each GO term in differentially expressed genes using one-tailed Fisher's exact test. We made certain that a gene represented by multiple clones appeared only once when counting the significantly expressed genes as well as when calculating the null distribution from all genes on the array. We tested all terms within the hierarchy of GO functions and used Bonferroni correction for the number of terms examined. We excluded GO terms when the number of observed genes for that term was smaller than three to avoid significance arising from few false positive genes.
Annotation of methylated genes. For genomic repeats, each of the clone sequences was analyzed against RepBase (24) using RepeatMasker (http://www.repeatmasker.org). Only clones with repeat sequence spanning the entire clone were included. Therefore, clones with partial repeat sequence (hybrid sequence) were excluded from the definition of repeat clones. We obtained a list of imprinted genes from Mouse Imprinting Database at Mammalian Genetics Unit at MRC (http://www.mgu.har.mrc.ac.uk/research/imprinting/). For Xinactivated genes, we assumed for simplicity that all of the genes on the X-chromosome undergo inactivation.
Choline kinase co-regulated gene set. To identify genes that are co-regulated with choline kinase, we used genes that showed Ͼ90% Pearson's correlation with the choline kinase expression profile in C57BL/6J time-course experiment (study 1). We then used these genes to test whether this set of genes were differentially expressed between choline-treated mice vs. mice on control diet using gene set enrichment analysis (GSEA) software v1.0 (33, 49) . Given the limited number of four replicates, we performed permutation of gene annotation assignments for each gene to calculate significance scores rather than permutation on sample identities. This could potentially bias the analysis for overestimation of statistical significance. To avoid enrichment of specific terms arising from genes represented by more than one clone, we selected one clone per gene based on the maximum difference between the standard deviation across treatment conditions and the average of standard deviation of replicate measurements.
Serum homocysteine and folate. Total serum homocysteine level was measured using a liquid chromatographic-tandem mass spectrometric method (30) . Serum folate level was measured in duplicate using a microbiological method after deproteination (22) .
DNA methylation measurement. Genomic DNA was extracted from each replicate liver tissue using DNeasy Tissue kit (Qiagen). DNA was treated with methyl-sensitive HpaII and methyl-insensitive MspI restriction enzymes (New England Biolabs, Ipswitch, MA) and cyto- Six-week-old A/J and C57BL/6J females were placed on each of the 9 treatment plans with 8 replicate mice per treatment per strain. Study 2: folate depletion and repletion with additional genetic and dietary perturbations in C57BL/6J. C57BL/6J wild type, C57BL/6J wild type on choline supplementation, and ApoE knockout on the C57BL/6J background were all placed on folate depletion and repletion experimental treatments. Wild-type C57BL/6J were also placed on the control diet for both the depletion and repletion period and designated as controls. Eight replicate mice were used for each of the 8 treatment plans.
sine extension assay was performed to quantify the amount of digested DNA (37) . The ratio of HpaII to MspI digest indicates the fraction of unmethylated DNA. The DNA digests and cytosine extension assay were performed in duplicate.
Cholesterol measurement. Serum total cholesterol was quantified by GC/MS (Hewlett Packard 6890 GC with a 5973 mass spectrometer) using selected ion monitoring mode (46) for the A/J and C57BL/6J folate perturbation experiments (study 1, Fig. 1 ). For experiments involving additional treatments on C57BL/6J (study 2, Fig. 1 ), serum total cholesterol was measured with an enzymatic assay (1) in duplicate using Infinity Cholesterol Reagent (ThermoElectron, San Jose, CA). Liver cholesterol was extracted with chloroform and methanol as described in Folch et al. (17) . Extracted cholesterol from the chloroform layer was air-dried at 50°C and resuspended in 5% Triton X-100 and quantified in duplicate with enzymatic assay as above. The total cholesterol level from liver was standardized against the amount of total protein from the aqueous extract using BCA Protein Assay Kit (Pierce, Rockford, IL).
Statistical analysis of metabolite measurements. We first used the Kolmogorov-Smirnov test to determine whether data from each analysis group were normally distributed, and we used Bartlett's test to assess homogeneity of variance across sample groups. We used ANOVA for normally distributed data with equal variance and the Kruskal-Wallis test for nonnormal data and unequal variance data to establish statistical difference between groups. To identify the group pairs that showed a significant difference, we used Bonferroni's multiple comparison test for normally distributed data with equal variance and Dunn's multiple comparison test for the nonnormal data or data with unequal variance. All of the statistical analyses were performed using Prism 3.0 (GraphPad Software, San Diego, CA). To plot the percent change in metabolite levels from controls, we extrapolated the three control time points and calculated the percent difference in metabolite level at each sample time point from the extrapolated control.
RESULTS

Overview.
To identify genes, molecules, and pathways that responded to folate perturbation, we characterized expression and metabolite profiles during dietary folate depletion and repletion in two genetically distinct inbred strains of mice (Fig.  1) . Time points on the order of days were selected to capture immediate changes and weeks to capture prolonged effects based on published observations that serum folate loss occurs within days after folate depletion (38) .
Metabolite responses. Folate levels differed dramatically between the two strains, both in the immediate response to folate depletion and the ultimate outcome after folate repletion (Fig. 2, A and B) . Serum folate declined significantly in A/J after 1 day of folate depletion (54%, Dunn's posttest, rank sum difference ϭ 39.75, P Ͻ 0.01) but remained relatively unchanged in C57BL/6J during the same period (10%, Dunn's posttest, rank sum difference ϭ 4.25, P Ͼ 0.05). After 2 wk of dietary folate depletion, serum folate loss in A/J was minimized at 74% (Dunn's posttest, rank sum difference ϭ 52.63, P Ͻ 0.001), whereas C57BL/6J showed a larger 90% reduction (Dunn's posttest, rank sum difference ϭ 57.38, P Ͻ 0.001). After folate repletion, the serum folate level in A/J was restored to within 18% of control (Dunn's posttest, rank sum difference ϭ 11.0, P Ͼ 0.05), whereas C57BL/6J still showed a 41% reduction from the control (Dunn's posttest, rank sum difference ϭ 21.0, P Ͼ 0.05) (Fig. 2B) . We conclude that A/J, despite immediate folate loss, maintained higher serum folate level during dietary depletion and regained higher folate level during repletion compared with C57BL/6J.
In contrast, homocysteine level did not change significantly after 1 day of folate depletion in A/J (5%, Dunn's posttest, rank sum difference ϭ 3.38, P Ͼ 0.05) or C57BL/6J (20%, Dunn's posttest, rank sum difference ϭ 20.75, P Ͼ 0.05). However, after 2 wk of dietary folate depletion, homocysteine decreased by 35% in A/J (Dunn's posttest, rank sum difference ϭ 35.31, P Ͻ 0.01) and 40% in C57BL/6J (Dunn's posttest, rank sum difference ϭ 24.75, P Ͼ 0.05). Then, after only 1 day of folate repletion, the homocysteine level was restored to within 6% from its original value in A/J (Dunn's posttest, rank sum difference ϭ 6.81, P Ͼ 0.05) vs. 21% in C57BL/6J (Dunn's posttest, rank sum difference ϭ 40.88, P Ͻ 0.001). Although both A/J and C57BL/6J reduced serum homocysteine level during folate depletion, A/J restored homocysteine level faster than C57BL/6J during folate repletion and by the end of the study was significantly closer to the control level (Fig. 2B) . The stronger resilience in A/J vs. C57BL/6J suggests genetic differences in homeostatic response to perturbations of dietary folate levels.
Global gene expression response. To identify genes and pathways that account for strain-specific response to dietary folate perturbation, we profiled gene expression of total RNA from pooled liver using cDNA arrays consisting of Ͼ25,000 unique EST sequences. Liver was selected because the biochemistry of homocysteine and folate metabolism has been extensively studied in this organ (15) . We identified dynamic gene expression responses to dietary folate perturbation in the two strains (Fig. 3) . Hierarchical clustering of gene expression patterns showed distinct clusters, each of which corresponded exclusively to the time points for each inbred strain, demonstrating that genetic factors had a larger impact than diet on gene expression profiles. Both strains deviated from the initial control during early responses to folate depletion. However, after folate was restored, the last treatment was most similar to the final control in A/J, whereas the last treatment was one of the most distinct from the final control in C57BL/6J. We conclude that the two strains showed distinct gene expression responses to dietary folate perturbation and that A/J showed significantly more resilience to these perturbations than C57BL/6J.
DNA methylation status. Folate participates in the transport of methyl-group donors to the homocysteine pathway for methylation of DNA, RNA, proteins, and lipids (26) . Changes in DNA methylation can directly impact expression of methylated genes (60) , which may account for the lower resilience of C57BL/6J expression to dietary folate perturbations. To test whether dietary folate depletion led to DNA hypomethylation, we measured global DNA methylation levels in both A/J and C57BL/6J across all folate depletion and repletion time points and in the corresponding controls. However, we did not find significant changes in global DNA methylation levels in either strain during folate perturbation (A/J: ANOVA df ϭ 8,62; F ϭ 1.00, P ϭ 0.45, C57BL/6J: ANOVA df ϭ 8,63; F ϭ 0.46, P ϭ 0.88).
Although we did not measure DNA methylation of individual gene loci, expression of intracisternal A particles (IAPs) can serve as markers of DNA hypomethylation during folate depletion (59) . IAPs are parasitic sequences in the mouse genome that exist in the order of 1,000 copies and are silenced when methylated. We observed a negative correlation between expression profiles of two IAP probes (Pearson's correlation, nominal P Ͻ 0.05) and serum folate profile in C57BL/6J (Fisher's exact test, observed 2, expected 0.2, P ϭ 0.017) but not in A/J (Fisher's exact test, observed 0, expected 0.08, P ϭ 0.99) (Supplemental Table S1 ). 1 We did not observe such correlations in other genomic repeat sequences, imprinted genes, or genes under X-inactivation (Supplemental Tables S1,  S2 ). These data suggest that activation of repetitive sequence expression could contribute to the reduced resilience of C57BL/6J to folate perturbation. Absence of expression response in imprinted and X-inactivated genes suggests that other large classes of methylation-independent genes account for the strain difference in resilience.
Pathway responses. To identify pathways that showed strong strain-specific responses to dietary folate perturbation, we tested for expression changes that showed strain-diet interaction effect using a fixed model ANOVA (25) at P ϭ 0.05 threshold after Bonferroni correction (Supplemental Table S3 ). Then, using GO annotation (2), we queried specific pathway annotations that were overrepresented among these differentially expressed genes. Remarkably, the only GO annotation that showed significant and systematic overrepresentation was cholesterol biosynthesis and its parent terms ( Table 1 ). The two strains differed in the pattern and magnitude of expression across several cholesterol biosynthesis genes including the rate-limiting enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) (Fig. 4) . Although GO annotations do not contain homocysteine and folate pathways, when we analyzed genes in these pathways (5), we did not find evidence for significant overrepresentation (Fisher's exact test: observed 3, expected 0.63, Bonferroni P Ͼ 0.05). Thus dietary folate perturbations resulted specifically and systematically in significant changes in expression patterns for genes involved in cholesterol biosynthesis and related pathways.
Changes in cholesterol levels. To test whether expression changes in cholesterol biosynthesis and related pathways corresponded to changes in cholesterol metabolites, we measured liver and serum total cholesterol levels (Fig. 5, A and B) . Liver cholesterol level decreased 28% in A/J (Dunn's posttest, rank sum difference ϭ 23.50, P Ͼ 0.05) after 1 day of folate depletion but increased 27% in C57BL/6J (Dunn's posttest, rank sum difference ϭ 30.75, P Ͻ 0.05) (Fig. 5A) . Liver cholesterol in A/J increased to 57% by 14 days of folate depletion (Dunn's posttest, rank sum difference ϭ 40.38, P Ͻ 0.001), whereas C57BL/6J level stayed at 32% (Dunn's posttest, rank sum difference ϭ 37.75, P Ͻ 0.001). Although we detected strain differences in liver cholesterol profile, we were unable to identify a strong or direct correlation between cholesterol metabolite profile to homocysteine and folate metabolite profiles.
Serum cholesterol level increased 17% (Dunn's posttest, rank sum difference ϭ 22.38, P Ͻ 0.05) in A/J after 1 day of folate depletion, but there was no increase in C57BL/6J (8% decrease, Dunn's posttest, rank sum difference ϭ 3.63, P Ͼ 0.05) (Fig. 5B) . In both strains, serum cholesterol levels declined thereafter before returning to control levels by the 14th day of depletion. We then compared the serum folate and serum cholesterol profiles and discovered that the C57BL/6J metabolite profile closely followed the A/J profile with a difference primarily in timing (Fig. 5C) . In A/J, an initial increase in serum total cholesterol accompanied loss of serum folate at day 1, whereas this response was delayed an additional day in C57BL/6J. Thereafter the changes in serum cholesterol and folate levels were remarkably similar, suggesting the strains differed primarily in the timing of their initial response to folate depletion. 1 The online version of this article contains supplemental material. 
Do cholesterol levels affect responses to folate perturbation?
We hypothesized that an elevated serum cholesterol level in A/J was associated with higher serum folate maintenance. We tested this hypothesis by elevating serum cholesterol level in C57BL/6J, a strain that showed a delayed and diminished serum cholesterol response. We used mice with targeted deficiency of apolipoprotein E (APOE) on the C57BL/6J inbred background (B6.129P2-Apoe tm1Unc /J) to elevate the serum cholesterol level and performed dietary folate perturbations. We sampled 14 days of folate depletion and 14 days of depletion followed by 7 days of repletion (day 21), two time points in A/J that showed improved folate retention compared with C57BL/ 6J. Although the elevation in serum cholesterol was transient in A/J, chronic elevation in serum cholesterol level in ApoEdeficient mice allowed us to obtain more robust metabolite change. APOE-deficient mice under folate depletion achieved Column 'All Genes' refers to genes on the array annotated with the particular Gene Ontology (GO) term. a significant increase in serum total cholesterol (532%, Dunn's posttest, rank sum difference ϭ 28.38, P Ͻ 0.05) compared with wild-type mice under folate depletion ( Table 2) . The magnitude was similar to the fourfold increase in serum cholesterol with ApoE-deficiency alone under normal diet (32) . Interestingly, APOE-deficient mice maintained 53% higher serum folate level compared with wild-type mice during folate depletion (Dunn's posttest, rank sum difference ϭ 6.13, P Ͼ 0.05). Moreover, after 1 wk of folate repletion, ApoE-deficient mice achieved 37% higher serum folate level than wild-type mice under the same folate perturbation (Dunn's posttest, rank sum difference ϭ 16.00, P Ͼ 0.05). We also tested whether higher serum folate level in ApoE-deficient mice would minimize gene expression changes induced by folate depletion. However, gene expression changes in APOE-deficient mice were much larger than the wild-type mice during folate depletion (Table 2 ). These genes included four out of seven glutathione S-transferase -genes, which are involved in oxidative stress response as well as the ApoE gene itself. We conclude that increased cholesterol levels in APOE-deficient mice led to retention of a higher level of serum folate during folate depletion but did not lead to resilience in gene expression profiles.
Metabolic functions that link folate perturbation to cholesterol homeostasis.
We observed that dietary folate perturbation induced changes in liver and serum total cholesterol levels. However, homocysteine and folate pathways are not directly linked to the cholesterol biosynthesis pathway and therefore the link between these two pathways is unclear. A possible link is through endoplasmic reticulum (ER) stress. Folate depletion and elevated serum homocysteine level are known to elevate ER stress in the liver. ER stress activates sterol regulatory element binding protein (SREBP), which activates transcription of cholesterol biosynthesis genes (61). However, unlike cholesterol biosynthesis genes, none of the common ER stress genes (GRP78, CHOP, ATF4) showed significant expression changes involving strain and diet interaction (not shown), suggesting that folate depletion did not trigger ER stress response within the timeframe that we examined.
Another possible link between folate perturbation and cholesterol change is through choline. Choline serves as an alternate methyl donor for homocysteine metabolism (12) as well as a precursor for choline phospholipids synthesis required for lipoprotein secretion and transmembrane signaling (64) . Therefore, an increased demand for choline due to dietary folate Units for metabolites are pmol/ml serum folate, mg/dl serum total cholesterol, mg total liver cholesterol/g liver protein.
Average and SD values are shown. Significant gene expression changes were computed at family-wise error rate (FWER) P ϭ 0.05 and false discovery rate (FDR) q ϭ0.01 using fixed model ANOVA with gene-specific tabulated F statistic. Each treatment was compared to mice on control diet for postanalysis using t-test corrected for multiple testing with the same corresponding thresholds as ANOVA. Significant differences in metabolite levels from C57BL/6J on the control diet ( a P Ͻ 0.05) and from C57BL/6J on folate treatment diet ( b P Ͻ 0.05) were calculated based on Kruskal-Wallis test with Dunn's multiple comparison posttest. All mice were on the C57BL/6J background. Folate-treated mice without additional perturbation were maintained on 50 mM saccharin water, whereas folate-treated, cholinesupplemented mice were on 50 mM saccharin and 25 mM choline water. depletion could limit its availability for lipoprotein secretion, thereby altering the cholesterol profile. To test the role of choline in cholesterol pathway responses, we supplemented drinking water with choline and performed the same dietary folate perturbation on C57BL/6J as in the APOE study (Fig. 1) . We used saccharin to reduce the bitter taste of choline and found that mice drank 16% less choline-water compared with mice on control saccharin-water (Mann-Whitney U-test 3.50, P ϭ 0.10). Choline supplementation slightly increased liver cholesterol level (11%, Dunn's posttest, rank sum difference ϭ 15.75, P Ͼ 0.05) and serum cholesterol level (16%, Dunn's posttest, rank sum difference ϭ 10.00, P Ͼ 0.05) compared with nonsupplemented mice during folate depletion (Table 2) . However, choline treatment resulted in 41% greater decrease in serum folate level during folate depletion compared with mice without choline supplement (Dunn's posttest, rank sum difference ϭ 7.75, P Ͼ 0.05). Choline also induced more gene expression changes compared with mice without choline treatment (Table 2) . Moreover, expression of choline kinase, a gene that shuttles choline toward homocysteine methylation and away from choline phospholipids synthesis, was downregulated during folate depletion in C57BL/6J but not in A/J. This gene was further downregulated with choline supplementation (day 14: 1.55-fold decrease, t ϭ 5.64, nominal P ϭ 0.0013, day 21: 1.63-fold decrease, t ϭ 4.92, nominal P ϭ 0.0027) along with its coexpressed genes (day 14: enrichment score ϭ 0.59, Bonferroni P ϭ 0.026, day 21: enrichment score ϭ 0.63, Bonferroni P ϭ 0.027), suggesting that choline supplementation exacerbates the C57BL/6J expression response to folate perturbation rather than revert the expression profile back to control values. We conclude that despite slightly increasing liver and serum cholesterol levels, choline supplementation did not significantly improve serum folate retention and further enhanced expression response away from control profiles.
DISCUSSION
We performed dietary folate perturbation in two distinct inbred strains of mice to identify pathways that interact with homocysteine and folate metabolism. We found that two strains differed in cholesterol metabolism response and that increasing cholesterol levels using APOE-deficient mice improved serum folate retention. Although the effect of retention was modest, modulating a single component will not usually recapitulate the complete response found in the original perturbation study, unless the tested component is a rate-limiting step or a tipping point. The experimental test therefore verified a dependence between cholesterol and folate metabolism.
Previous studies offer insight into why cholesterol biosynthesis was important to folate retention. Cholesterol facilitates clustering of folate receptors on the cell membrane and regulates the rate of cellular folate import (29, 47) . Kidney epithelial cells continually cultured in cholesterol deficient media to lower cellular cholesterol level show decreased folate import (8) . Additionally, fibroblasts from Smith-Lemli Opitz syndrome (SLOS) patients that are unable to produce sufficient cholesterol show decreased folate uptake and a reduced cell proliferation rate (54) . Together, these studies suggest cells could improve folate uptake efficiency by increasing cholesterol biosynthesis during low folate availability.
Folate is transported into cells by two distinct mechanisms (43) . The first involves "high capacity/low affinity" system that is driven by an anion gradient. The enzyme is encoded by the reduced folate carrier (RFC) gene. The second system is a "low capacity/high affinity" system involving receptor-mediated phagocytosis of folate by folate receptors (FOLR). When folate level is low, FOLR are used. The effects of cholesterol mentioned above are specific only to FOLR. Interestingly, knockout mice for FOLR show neural tube defects (36), whereas knockout mutants for RFC are embryonic lethal and show deficiency in erythropoiesis upon maternal folate supplement (66) . Moreover, none of the other knockout models involving genes in homocysteine and folate metabolism (9, 13, 28) show neural tube defects, suggesting that mechanisms specific to FOLR, perhaps involving cholesterol metabolism, provide clues to mechanisms of neural tube defect.
Studies of human genetics and mouse models have already established that defects in cholesterol metabolism lead to neural tube defects. Mouse knockouts of cholesterol biosynthesis and transport genes, squalene synthase (53) and apolipoprotein B (20) , as well as mutations in 7-dehydrocholesterol reductase (DHCR7) in SLOS patients (51) , all exhibit low cellular cholesterol levels and neural tube defects. Although a decrease in cholesterol lowers cellular folate uptake, cholesterol also directly affects other pathways associated with neural tube defects. A decrease in cellular cholesterol pharmacologically with cyclodextrin or genetically with Dhcr7 knockout mice impairs hedgehog signaling pathway (10) . Mutations in hedgehog signaling in humans including sonic hedgehog (HPE3) (40), patched1 (HPE7) (31) , and gli3 (HPE9) (41) lead to holoprosencephaly (HPE). Finally, a recent study showed that mutations in hedgehog signaling gene gli3 and Wnt signaling genes alter homocysteine metabolite and expression profiles (14) , suggesting that while cholesterol metabolism can affect folate transport and hedgehog signaling in parallel, homocysteine and folate metabolism also act downstream of these signaling pathways.
Thus far, we have focused on dietary folate depletion and folate retention but not on changes in homocysteine level. Previous mouse studies showed that dietary folate depletion leads to an increase in serum homocysteine. In our study, however, dietary folate depletion mildly decreased serum homocysteine level. An explanation is that we did not use methionine loading, which has often been used in other studies (61) . Excess methionine, after being used for methylation, is converted to homocysteine. In the absence of folate, homocysteine cannot be remethylated efficiently and continues to accumulate. Another explanation is that homocysteine was converted to glutathione, an antioxidant, through transsulfuration pathway rather than being remethylated. This reaction would decrease serum homocysteine level in exchange for glutathione production. Previous studies showed that dietary folate depletion induces oxidative stress and reduces serum homocysteine level (42) , consistent with activation of transsulfuration pathway. Additionally, the duration of our study was also much shorter than other studies that performed dietary folate depletion to elevate serum homocysteine level (28) . Therefore, our study is specific only to cellular stress induced with dietary folate depletion and not to cellular stress induced by elevated homocysteine level.
We explored two potential pathways that might mediate signaling between folate depletion and changes in cholesterol profiles. First, we hypothesized that choline, which has dual function in remethylation of homocysteine and lipoprotein secretion, is limited in supply during folate depletion. Choline supplementation elevated serum and liver cholesterol levels during folate depletion. Human studies also support our observation. Low folate intake decreases plasma choline level (23) and low choline intake decreases serum cholesterol level (63) . However, choline did not improve folate retention. It is possible that we supplied insufficient choline to detect a beneficial effect on folate retention, as reflected by modest changes in cholesterol.
We also hypothesized that folate depletion induces ER stress, which in turn activates SREBP and cholesterol biosynthesis. However, we did not detect changes in expression of ER stress response genes. In addition, although elevated homocysteine level is often associated with ER stress in the liver, folate depletion was not accompanied elevated serum homocysteine level. The duration of folate depletion required to induce ER stress is weeks to months, whereas we observed changes in cholesterol profile within days. Although we only found support for choline-mediated changes in cholesterol profiles, ER stress response highlight that dietary folate depletion might affect cholesterol metabolism through other pathways.
We found that cholesterol metabolism contributes significantly to strain differences in response to folate depletion. We identified a homeostatic role of cholesterol metabolism in which enhancing serum and liver cholesterol levels improved folate retention. Strain differences in perturbation response may also translate to human populations. Therefore, cholesterol metabolism could affect beneficial outcome of folate supplement and affect variability in patient response to folate supplementation. Our study highlights the importance of pathway interactions in analyzing complex diseases and the interacting pathways identified in mouse studies could help in designing future human studies.
